Recent progress in Next Generation Sequencing allows us to explore the diversity of airborne 15 microorganisms across time and space. However, few studies have used consecutive short-16 period samples to explore correlations between the seasonal variation of the microbiota and 17 meteorology. In order to understand airborne bacterial community dynamics over Tokyo, 18
Introduction 34
Microorganisms are abundant in the atmosphere, with numbers ranging from 10 4 -10 5 cells 35 m -3 in ambient air on mountain peaks [1] to 10 6 -10 7 m -3 in desert dust storms [2] . Air is now 36 recognized as a highly diverse microbiome [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Airborne bacteria and fungi also have 37 the potential to cause human diseases [15] . For example, airborne fungi have been identified 38 as the cause of respiratory problems such as asthma after thunderstorms [16] , and also the 39 lymph node syndrome, Kawasaki disease [17] . Endotoxins from airborne bacteria are also 40 associated with health issues [18] . Airborne microorganisms are important not only for 41 human health, but also for climate and ecology. For example, the plant pathogen 42
Pseudomonas syringae, and related phylloplane bacteria, have strong ice nucleation ability at 43 very warm temperatures (>-5 °C, [19] [20] [21] [22] and airborne ice nucleating bacteria may promote 44 the formation of ice in clouds, which may modify their radiative forcing and promote 45 precipitation. Until recently, most airborne microorganism studies depended on conventional 46 culture-based methods [e.g. 23, 24]. However, culture-independent methods using Next 47 Generation Sequencing (NGS) are now prevalent [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . This technology transforms our 48 ability to describe spatial and temporal variability of all airborne microorganisms, and 49 enables us to compare their temporal variation under different meteorological conditions. 50 However, the relationship between aerial microbial community composition and meteorology 51 is still not well characterized [25] . For example, Bowers and co-workers [5] showed different 52 land-use types, rather than local weather, control the airborne bacterial composition in 53 northern Colorado, US during the early summer season. On the other hand, Gandolfi and co-54 workers [9] showed wind speed and relative humidity affected airborne microbial community 55 structure in two urban sites, in northern Italy. Šantl-Temkiv and co-workers [11] showed that 56 the alpha diversity of bacterial communities is positively correlated with air temperature and 57 negatively correlated with relative humidity in western Greenland during mid-summer. 58
Studies are often focused on urban areas, because these contain potential sources of human 59 pathogens, such as water treatment facilities and densely populated areas. While spatial and 60 temporal variations of bioaerosols in urban environments have been frequently studied in 61 many cities [8- 10, 13, 26, 27] , few studies [6] have used consecutive short-period samples to 62 explore correlations between variation of the microbiota and meteorology. Additionally, 63 samples from these studies were taken near ground level (generally several meters above) or 64 on roof tops of lower buildings, with the result that specific local sources very near to 65 sampling sites are likely to predominate over microorganisms originating regionally or from 66 afar, and so obscure the effect of remote contributions. 67 Tokyo (population: 13.61 million) is located south-east of the Japanese main island. The 68 climate of Tokyo is warm and humid in summer and cool and dry in winter. Despite the 69 city's size, bioaerosol studies of the capital are limited to a recent study of bacterial 70 community composition in rainfall [28] and a study of bacteria in railway stations [29] . In 71 order to investigate 1) airborne bacterial communities over Tokyo, 2) fine-scale correlations 72 between airborne microorganisms and meteorological conditions, and 3) the influence of 73 local versus long-range transport of microbes, we obtained a series of consecutive 48-72 h 74 samples at a height of 458 m from the tallest communication/observation tower in Japan, the 75 second tallest structure in the world (Tokyo Skytree: 634 m), from summer in 2016 to winter 76 in 2017. 77
78
Method 79 80
Sampling of air and reference samples 81
Airborne microorganisms were collected at a 458-m level measurement site [30] on the 82 western side of the Tokyo Skytree (SI Table 1 ) from August 2016 to February 2017. Eight 83 sets of 2 m length conductive silicon tubing were fixed to the outside wall of the Tokyo 84 Skytree with their inlets under a wind and rain shield, and sterilized inline NILU filter 85 holders (Norwegian Institute for Air Research) attached to the inner ends. These were fitted 86 with pre-combusted (500 °C for 2 h) 47 mm diameter quartz filters (Tissuquartz™ Filters, 87 2500 QAT-UP, Pall). The vacuum sides of the NILU filter holders were connected to low 88 volume samplers (LV-40BW, Sibata Scientific Technology) programmed to sample from one 89 unit at a time. Flow rate was 15-30 L min -1 for 48-72 h for each filter, and then the sampler 90 switched to a new unit. Sampling was continuous. Sampling details are described in SI Table  91 2. In order to avoid degradation of filter samples during and after sampling, all filter holders 92 were placed in a 4 ℃ refrigerator (JR-N40G, Haier) until retrieval (usually at two -three 93
week intervals). Reference environmental (potential source) samples for source estimation 94 were taken around Tokyo Skytree on Jan 3, 2017 and from around the building of the 95 National Institute of Polar Research (NIPR) on June 6, 2016 (SI Table 1 , SI Fig. 1 ). Soil 96 samples were placed in a 5 mL sterile plastic tube containing 2 mL of RNAlater (Thermo  97 Fisher Scientific, MA, USA) using a pre-cleaned stainless-steel spoon. Seawater, river water 98 and pond water were sampled directly into a 50 mL sterile plastic bottle. All soil and water 99 samples were kept at -20 °C prior to DNA extraction. 100
101

DNA extraction, PCR and DNA sequencing 102
In order to avoid contamination, all processes prior to Polymerase Chain Reaction (PCR) 103 amplification were done in a laminar flow clean bench (PCV-1305BNG3-AG, Hitachi). The 104 clean bench was sanitized with a UV lamp overnight, and pipettes were sterilized in a DNA 105 cross linker (CL-1000, UVP) box inside the clean bench. Genomic DNA in bioaerosols 106 captured on quartz filters was extracted using the FastDNA™ SPIN Kit for Soil (MP 107 Biomedicals, Santa Ana, CA). The quartz filter was initially pulverized during the bead beating step, but in order to maximize the yield of DNA (DNA adsorbs to quartz fibers), all 109 fragments of the filter were carried over until the final elution step. Partial 16S rRNA gene 110 sequences, spanning the V3 and V4 regions, were amplified using the primers Bakt_341F ( 
Exact sequence variant analysis 124
In order to understand sequence differences in greater detail than the conventional 97% 125 operational taxonomic unit (OTU) approach, we used a newly developed DADA2 (1.4) 126 method which, by incorporating an error model, is able to infer sequence reads with single 127 sunshine duration (total duration of solar radiation above 0.12kW m -2 ) and humidity are taken 165 at the "Edogawa rinkai" station and precipitation measures were taken at the "Tokyo" station 166 (SI Table 1 ). Wave height data in Tokyo Bay, which is managed by the Bureau of Port and 167
Harbor, Tokyo Metropolitan Government, are available from 168 http://www.kouwan.metro.tokyo.jp/yakuwari/choui/kako1-index.html. All daily data were 169 transformed to 2-3 day averages to correspond to sampling durations (SI table 2 Table 2 ). Figure 3 shows temporal variation of the major phyla. Proteobacteria 180 (mean 51.4% of relative abundances) was by far the most common phylum followed by 181
Firmicutes (13.6%), Cyanobacteria (7.9%), Actinobacteria (7.7%), Bacteroidetes (5.2%), and Acidobacteria (3.0%). Of all the phyla, only Parcubacteria (2.6%) exhibited seasonal 183 changes, being higher during August and September. Finer resolution of taxonomy is shown 184 in SI Figure 2 , which gives the temporal variation of the 100 most abundant major genera. 185
Paraburkholderia (mean 6.3%) had the highest mean relative abundance throughout the 186 entire sampling period, followed by Sphingomonas (3.5%), Chroococcidiopsis (3.3%), 187
Craurococcus (2.2%), an unidentified genus in order Rhizobiales (1.9%), Mesorhizobium 189
(1.8%), Clostridium (1.6%), and an unidentified genus in the class Adlerbacteria (1.4%). and is mostly from soils (SI Fig. 4 ). The closest matches using BLAST searches with these 6 200 ASVs confirmed the same potential sources (SI Table 4 ). Correlations between all ASVs 201 (excluding the 6 ASVs mentioned above) and the 6 local meteorological and ocean factors 202 were significant (correlation coefficient >±0.4, p<0.05) only for a Sphingomonas sp. 203 Obvious transitory peaks in alpha diversities occurred in August, October, and the end of 217 January and at the beginning of February (SI Table 1 and Fig.1 ). There was also and 218 extended period of consistently low alpha diversity during September. Correlation 219 coefficients with the 6 local meteorological and ocean factors are shown in Fig. 4 . Among 220 meteorological and ocean data, humidity and precipitation had the most significant negative 221 correlations with all diversity measures, while wind speed and sunshine duration had 222 significant positive correlations with the alpha diversities. 223
224
Beta diversity 225
A unweighted UniFrac dendrogram was clustered into two groups with a Bray-Curtis 226 dissimilarity of 0.86, with a lower alpha diversity cluster and higher alpha diversity cluster 227 (SI Fig. 6 ). ANOSIM, analyzed by differences in HYSPLIT source, month and temperature, 228
shows higher ANOSIM R (0.337 for HYSPLIT, 0.396 for month, 0.274 for temperature) in 229 the higher alpha diversity cluster (SI Table 5 ). A PERMANOVA test on the effect of 230 meteorological data showed humidity and wind speed were strongly related to unweighted 231 UniFrac distance (PERMANOVA, p <0.005, SI Table 6 ).. 232
Source estimation 234
Sourcetracker2 analysis shows the estimated contributions to Tokyo Skytree air samples from 235 each potential source ( Fig. 5 for each category, SI Fig.7) . Total percentage contributions from 236 the tested sources had a maximum of 52%, a minimum SI of 0.1%, and a mean of 6.8%. Bay 237 influence was relatively higher in the early sampling period and occasionally of influence at 238 later periods. Soil is the second highest contributor, contributing throughout the sampling 239 period. Correlations between source contributions and environmental factors are shown in 240 sources, respectively (SI Fig. 2) . Therefore, these genera are presumed to have originated 264 from non-local sources, indicating that synoptic air mass movement influenced bacterial 265
distributions. 266
To obtain more detail on these potentially long range transported bacteria, we investigated 267 their ASV level taxonomy. Using this, only 6 ASVs out of 3257 ASVs were identified as 268 potential long range transported bacteria on the basis of trajectory analysis. These were 269 relatively abundant, especially ASV137, which belongs to the genus Paraburkholderia, with 270 notably high relative abundance in the later sampling period (SI Fig. 3) . Nevertheless, the 271 majority of ASVs were not associated with long range air mass movement. This implies that 272 most are of local origin, and therefore were influenced by local meteorological conditions. 273
We focus discussion in this section on the six ASVs of potential long-range sources. 274
Five of the six ASVs, belonging to the genus Parcubacteria (ASV429, 609, 1233, 1036) 275
and Opitutu (ASV 1556), were expected to be pelagic because they were abundant only 276 during air mass flows from over the Pacific Ocean. However, these are likely to be freshwater 277 bacteria according to their closest matches using BLAST searches and metametaDB analysis. 278
Their non-oceanic origin is also supported by the absence of ocean bacteria, such as bacteria 279 belonging to the SAR group or typical marine groups, such as Oceanospirillales, 280
Spongiibacteraceae and Marinicella. Thus, despite the HYSPLIT results, this composition 281 indicates minimal inputs from the Pacific Ocean. This can be explained by a combination of 282 low emissions from the ocean surface and higher inputs from regional freshwater. In previous 283 studies, similarly lower contributions of ocean bacteria were reported. For example, the 284 number of cultivable bacteria found in near-surface air during non-dust events over the ocean 285 is generally very low [42, 46] , and the number of marine bacteria in the near-surface air of a 286 coastal city in Greece was found to be rare [10] . 287
One of the six ASVs, belonging to the genus Paraburkholderia (ASV137) and abundant 288 in the continental period, was indicated to be a soil bacterium based on closest relative 289 matches in BLAST searches and metametaDB analysis. Exactly same sequences were found 290 from soil in many countries including China (e.g. KU323602, KX351056, KY427125). Since 291 these were transported by westerly winds, which prevailed in the later sampling period when 292 air masses mostly came from the Eurasian Continent, this ASV is possibly from Chinese soil. Bacillus subtilis, which is common in Asian dust studies [44, 49] , was found only once over 299 the entire sampling period. Some Bacillus ASVs are relatively close to uncultured bacteria 300 from the Taklimakan Desert (AB696509 and AB696498), however, these were not perfectly 301 matched by BLAST (ASV399: 99.1%, ASV6088: 98.6%, ASV1582: 98.1%). Therefore, we 302 expect that the soil type, ASV137 inhabited, is not desert type soil. 303 304
Local meteorological effects upon sources of bacteria 305
Most ASVs were associated with airmasses arriving from local regions prior to sampling, 306 therefore, it is most appropriate to investigate relations of these bacteria with local meteorological conditions. Local meteorology, especially relative humidity and wind speed, 308 had significant relationships with three alpha diversities (by Spearman correlation) and beta 309 diversity (by PERMANOVA). While previous studies failed to analyze the cross-correlated 310 meteorological variables [41], multivariate statistics enable these relationships to be revealed 311 [6] . We found that both simple correlations and multivariate analyses showed the same 312 relationships, with humidity and wind speed being effective meteorological predictors of 313 bacterial composition and diversity. 314
The effect of relative humidity change upon airborne bacterial community composition 315 was reported in some prior studies. For example, canonical correspondence analyses of 316 bacterial community structure in urban bioaerosols in Italy showed both relative humidity 317 and wind speed were variables affecting airborne bacterial community structure [9], and a 318 study in western Oregon, U.S.A showed that airborne bacterial concentrations were 319 positively correlated with temperature but negatively correlated with relative humidity [50] . 320
In the present study, relative humidity increased during precipitation events and remained 321 high, before decreasing with a sufficient amount of radiation (Fig 1) . Relative humidity is 322 especially high in late August -September, when it was strongly affected by a passing 323 typhoon and an autumn rain event; alpha diversities were, appropriately, low in the same 324 period. High humidity tends to keep the surface of the ground wet, and the bonding force by 325 surface tension will keep the particles attached to the surface. This bonding force will be 326 reduced by drying [11, 51] . Accordingly, among the three different source types, 327 contributions from all the soils (Kiyari, Ueno, Meiji and Tachikawa) had significant negative 328 correlations with relative humidity, with contributions higher in the middle of winter, the 329 driest season during the sampling period (Fig. 1, Fig. 6 ). 330
Precipitation, which obviously strongly affects the humidity and surface bonding forces, 331
was not found to have a consistent or significant relationship with airborne bacterial diversity 332 and composition. While alpha diversities tended to decrease when precipitation occurred (SI 333 Fig 8: blue broken lines), exceptions occurred during heavy precipitation events resulting 334 from a typhoon that set historical precipitation records and during some stationary fronts (SI 335 Fig 8: red broken lines) . The common expectation, and what occurred during the majority of 336 lighter precipitation events, is that airborne bacterial communities in Tokyo would be reduced 337 by precipitation due to scavenging (wet deposition) [49, 52] and wetting of the soil surface. 338
However, alpha diversities slightly increased during the historical heavy rains on Aug. 21-22, 339
Sep. 12-13, and Sep. 22-23 (SI Fig. 8: red Many previous studies showed temperature, which follows seasonal cycles in temperate 357 regions, is also a factor controlling airborne bacterial emissions and community composition 358 [6, 10, 50, 51] . In contrast, temperature was not found to be a significant factor in this study. 359
The effects of local meteorological conditions upon airborne microorganisms is still 360 controversial, because recent studies have suggested that airborne bacterial communities 361 could be more affected by variation in local sources than by changes in local meteorological 362 conditions [5, 6] . Our findings oppose these studies, as also observed in other work on the 363 effects of raised relative humidity and rainfall upon primary bioaerosols and ice nucleating 364 particles [61-65]. However, the relationship between bacteria and meteorological factors 365 undoubtedly varies between different geographical locations and ecotypes. 366
In this study, air mass shifts detected by HYSPLIT analysis indicated limited long-range 367 effects. Estimated contributions from local sources, from seawater in Tokyo Bay and soil, 368
were consistently found and predominated over other known sources over the sampling 369 period (Fig. 5 ). Since the samples for source estimation were limited in type, number of sites, 370 and season, our reference samples only explained, on average, < 6.9% of the total airborne 371 bacterial communities. This implies that we should include more diverse potential source 372 types in future studies, such as plant surfaces [66] and human impacts in highly populated 373 areas [6]. These improvements will likely enable more accurate and comprehensive source 374 estimations. Finally, although we took samples from the highest structure in Japan, it was still 375 primarily within the urban atmospheric boundary layer. If comparisons were made with 376 samples from above the boundary layer, we expect that the ratio of long-range-transported 377 bacteria would be much higher. 378
In order to obtain enough DNA for analysis, we obtained samples that were integrated 379 over 2-3 days. However, shorter interval sampling may be helpful for understanding the 380 effect of radical meteorological changes upon microbial communities, such as heavy rain 381 enhancement of microbial emissions versus precipitation scavenging in other rain events. 382
Recently, much higher flow rate and lower cost sampling devices have been proposed [67] 383 for use in the field [11] . Such capabilities may offer the ability to understand not only hourly 384 changes of specific microbes, but also offer sufficient sample sizes to permit metagenomic 385 analyses of potential microbiome function. 386 387
Conclusions 388
Consecutive 48-72 h samples from the tallest tower in Japan, combined with NGS 389 analyses, were used to reveal how airborne microbial communities changed from summer to 390 winter. In this study, air mass shifts detected by HYSPLIT analysis indicated limited long-391 range effects on microbial populations. Our results showed only a limited number of ASVs 392 that could potentially be associated with long distance transport of bacteria. However, most 393 of the ASVs were not affected by abrupt air mass changes, indicating they were likely to have 394 been from local sources. Local inputs, from soil and the seawater in Tokyo Bay, were 395 consistently found and the predominant sources over the study period. Humidity and wind 396 speed were key factors affecting bacterial alpha and beta diversity, and hence, these appear to 397 be the controlling factors on emissions of bacteria from bay sea water and soil around the 398 Tokyo Skytree. NGS allowed us to study the airborne microbiome with unprecedented 399 resolution, and the accumulation of such knowledge from many environments across the 400 world [1, 3-14] could provide a more comprehensive understanding of factors determining 401 local, regional and global airborne microbiomes. 
